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Involvement of cyanide (CN)-resistant respiration in cell-type proportioning was analyzed using the developmental system
of Dictyostelium discoideum. When migrating slugs were vitally stained with rhodamine 123, which is known to stain
actively respirating mitochondria coupled with an elevated electronic potential of the inner membrane, the posterior
prespore region was stained more strongly than the anterior prestalk region. Application of benzohydroxamic acid (BHAM)
and propyl gallate, speci®c inhibitors of CN-resistant respiration, to starved Dictyostelium cells induced formation of
unique cell masses, in which almost all of the cells differentiated into stalk-like cells with a large vacuole and thick cell
wall. BHAM was also found to enhance the expressions of prestalk-speci®c genes such as ecmA and ecmB in the unique
cell mass in a position-dependent manner. In contrast, the expression of a prespore-speci®c gene, Dp87, was almost
completely inhibited by BHAM. Taken together these results strongly suggest the involvement of CN-resistant respiration
in the proportion regulation of cell types differentiating during the Dictyostelium development. q 1995 Academic Press, Inc.
INTRODUCTION The mechanism by which the cell-type proportioning is
established and maintained within a cell mass is a central
Cells of the cellular slime mold Dictyostelium dis- issue to be solved in developmental biology. Many studies
coideum grow and multiply as amoeboid cells, either feed- have provided data indicating that cell differentiation is reg-
ing on bacteria or axenically pinocytosing external nutri- ulated by several signals including cAMP, differentiation-
ents. Upon exhaustion of the nutrient supply, starving cells inducing factor (DIF), and ammonia. Although cAMP is re-
aggregate, forming streams by chemotaxis toward cAMP quired for both psp and pst differentiation (Bonner, 1970;
(Konijin et al., 1967; Bonner et al., 1969). The cell aggregate Kay, 1982; Weijer and Durston, 1985; Yamada and Oka-
undergoes a series of organized movements and zonal differ- moto, 1990), the demand seems to be higher in psp differen-
entiation as a migrating slug and ®nally constructs a fruit- tiation (Wang et al., 1988). Activation of cAMP-dependent
ing body consisting of a mass of spores and a supporting kinase also induces spore maturation (Maeda, 1988; Kay,
cellular stalk. At the slug stage, clear zonal differentiation 1989). DIF induces differentiation of stalk-like cells (Kay
is noticed between the anterior prestalk cells (pst) and the and Jermyn, 1983; Williams et al., 1987), coupled with exo-
posterior prespore cells (psp). During culmination, the ante- cytosis as well as vacuolization (Abe and Maeda, 1991). In
rior prestalk cells of a slug differentiate into stalk cells, contrast, ammonia inhibits differentiation of stalk cells
while the posterior prespore cells differentiate into spores. (Gross et al., 1983). The importance of intracellular Ca2/
The proportion of the two types of cells (pst/psp in the slug ([Ca2/]i) and pH (pHi) in Dictyostelium has also been argued
or stalk cells/spores in the fruiting body) is usually constant, in relation to the pst/psp differentiation and polarized cell
regardless of the size of the cell masses formed. Such propor- movement in slugs. More Ca2/ is localized in the pst zone
tion regulation also occurs even if a slug was cut into several than in the psp zone (Maeda and Maeda, 1973; Abe and
fragments, giving a constant pst/psp ratio in each fragment. Maeda, 1989; Saran et al., 1994). Externally added Ca2/ at
relatively high concentrations induces differentiation of
stalk cells (Maeda, 1970). pHi is known to be lower in the1 To whom correspondence should be addressed at Biological In-
pst than in the psp cells (Inouye, 1985), and the treatment ofstitute, Faculty of Science, Tohoku University, Aoba, Sendai 980-
cells with weak acids induces stalk differentiation (Inouye,77, Japan. Fax: 81-22-217-6709. e-mail: j23023@cctu.cc.tohoku.
ac.jp. 1988). Actually, Kubohara and Okamoto (1994) have re-
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cently demonstrated that both the elevated [Ca2/]i level and spore-speci®c promoter (Dp87) (Ozaki et al., 1993) was gen-
erously supplied by Dr. Masao Tasaka of Kyoto University.the reduced pHi level are favorable to stalk differentiation.
Electronmicroscopic studies have shown that unique vac- The Dp87-gal construct was transfected to AX-2 cells, and
a transformant expressing b-gal stably and strongly was se-uoles named PSVs (prespore-speci®c vacuoles) are speci®-
cally present in the cytoplasm of psp, but not in the pst lected, followed by subsequent histochemical detection of
b-gal activity. NC-4 cells were grown with Escherichia coli(Maeda and Takeuchi, 1969; Hohl and Hamamoto, 1969).
The vacuole (PSV) is exocytosed from the psp during its B/r on nutrient agar medium (Bonner, 1947). Nontrans-
formed Ax-2 cells were grown axenically in 10 ml of HL-5cytodifferentiation to the spore, and the lining membrane
constitutes the outermost layer of spore coat (Hohl and Ha- medium supplemented with 1.5% glucose (Watts and Ash-
worth, 1970) in 100-ml Erlenmeyer ¯asks at 22.07C at 150mamoto, 1969; Maeda, 1971a). The PSV is the sole structure
thus far found that exhibits discrete localization between rpm on a rotary shaker. The transformants were grown in
HL-5 medium containing 20 mg/ml G418 (Geneticin; Lifethe pst and psp of the slug (Maeda and Takeuchi, 1969). As
to the origin of the PSV, two ideas have been presented. Technologies, Inc.).
Based on electronmicroscopic observations that PSVs or
spore-speci®c antigen(s) are found alongside Golgi cisternae, Developmental Conditions and Treatments of Cells
several workers have suggested a Golgi origin of the vacuole with Respiratory Inhibitors
(Hohl and Hamamoto, 1969; Oyama et al., 1984; Takemoto Exponentially growing cells were harvested from growth
et al., 1985). On the other hand, Maeda (1971b) has pre- medium and washed three times (for NC-4 cells) or twice
sented some evidence that PSVs originate from mitochon- (for AX-2 and its transformants) in Bonner's solution (BSS;
dria: many PSV±mitochondrion complexes are noticed in
Bonner, 1947). The washed cells were suspended in BSS and
differentiating prespore cells, and succinic dehydrogenase,
aliquots (100 ml) of the cell suspension were deposited at a
a typical mitochondrial enzyme, is localized in the lining
density of about 1.2 1 106 cells/cm2 on white Millipore
membrane of PSVs as well as in mitochondria. Also, mito-
®lters (HAWP) supported by ®lter papers or 1% nonnutrient
chondrial transformation to form a sort of vacuole often
agar (Agar-Bacteriological, Oxoid). As respiratory inhibitors,
occurs in redifferentiating prespore cells as well as in differ- sodium azide (NaN3; Wako Chemical, Japan), benzohydrox-entiating prespore cells (Tasaka and Maeda, 1983). Our pre- amic acid (BHAM; Tokyo Kasei, Japan), and propyl gallate
liminary results obtained using an immunoelectronmicro- (PG; Sigma) were used. Filters bearing starved cells were
scopic method strongly suggested involvements of both the placed on ®lter papers (Advantec, Tokyo) immersed in BSS
Golgi apparatus and mitochondria in the genesis of PSV. containing various concentrations of each inhibitor, fol-
The proportion of prestalk cells is known to increase in lowed by incubation at 22.07C. In the case of axenic strains,
response to elevated O2 concentrations in submerged cul- ®lters were placed on 1% nonnutrient agar containing vari-
tures (Sternfeld, 1988). Histochemical studies with neotet- ous concentrations of the inhibitors.
razolium (NT) have shown that the posterior prespore cells
are more active in reduction of the tetrazolium salt than
Vital Staining of Cells with Rhodamine 123the anterior prestalk cells (with succinate as the substrate)
Cells and cell masses at various developmental stages(Takeuchi, 1960). Moreover, the prespore and prestalk cells
were stained for 10 min with 10 mg/ml rhodamine 123are easily distinguished by NT application in the presence
(Sigma) dissolved in BSS, basically according to the methodof KCN (Mine and Takeuchi, 1967), thus suggesting the
of Akiyama and Okada (1992). The stained samples wereinvolvement of cyanide (CN)-resistant respiration in cell
brie¯y washed three times in BSS and observed under adifferentiation, particularly in prespore differentiation. The
¯uorescence microscope using BV excitation.present work was designed to examine the signi®cance of
CN-resistant respiration in cell differentiation and pattern
formation during the course of Dictyostelium development. Histochemical Detection of b-gal Activity
Cells or cell masses at certain developmental stages were
®xed and stained for b-gal activity using X-gal as the sub-
MATERIALS AND METHODS strate, as described by Araki et al. (1994). The staining was
stopped by washing in Z buffer, and the cell masses were
photographed in color using Kodak Super Gold ®lm.Strains and Culture Conditions
D. discoideum strain NC-4, axenic strain AX-2 (clone
RESULTS8A), and three transformants derived from AX-2 were used
in this study. The transformants carrying the b-gal vector
Regional Difference in the Respiratory Activity ofconstructs, ecmA-gal and ecmB-gal, with prestalk-speci®c
Mitochondria along the Anterior±Posterior Axis ofpromoters of the ecmA and ecmB genes, respectively, were
Migrating Slugsgenerously supplied by Dr. Jeffrey Williams of University
College London (Jermyn and Williams, 1991). The vector Rhodamine 123, the ¯uorescent dye, is known to accu-
mulate only in actively respirating mitochondria dependingbearing a b-galactosidase gene under the control of a pre-
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FIG. 1. Regional difference in respiratory activity along a long axis of a migrating slug in Dictyostelium discoideum NC-4. Migrating
slugs were stained with 10 mg/ml of rhodamine 123 for 10 min, as described under Materials and Methods, followed by observations under
a phase-contrast (A) or a ¯uorescence (B) microscope. It is evident that the posterior prespore region is stained more strongly than the
anterior prestalk region. In addition, the core zone (arrow) of the anterior prestalk region is also stained intensely. Bar, 250 mm.
on an elevated electronic potential of the inner membrane same result was obtained using migrating slugs of D. dis-
coideum AX-2, thus indicating higher respiratory activity(Johnson et al., 1981; Akiyama and Okada, 1992). When
migrating slugs of D. discoideum NC-4 were vitally stained in the prespore cells than in the prestalk cells.
To certify the speci®city of rhodamine 123 staining inwith 10 mg/ml of rhodamine 123, it was found that the
posterior prespore region stained more strongly than the mitochondria, slugs were dispersed mechanically after the
vital staining and observed with higher magni®cation byanterior prestalk region and that the core zone of the ante-
rior region also stained intensely (Fig. 1). Essentially the ¯uorescence microscopy. As shown in Fig. 2, intensely
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in Fig. 3B were formed. Further changes in gross morphology
were not noticed after t48. Interestingly, almost all of the
cells in the unique cell mass were stalk-like cells with a
large vacuole and thick cell walls, and few spores were ob-
served (Fig. 3D). Below less than 50 mM BHAM, the relative
size of the sorus to stalk in fruiting bodies seemed to be-
come smaller in a dose-dependent manner (data not shown).
Incidentally, cells stopped developing at the aggregate stage
with 100 mM BHAM and never developed with above 150
mM BHAM. Essentially the same results were obtained by
the use of AX-2 cells, though effective concentrations of
BHAM for the induction of stalk-like cells were somewhat
different from those for NC-4 cells and also depended on
the kinds of transformants used.
PG, another speci®c inhibitor of CN-resistant respiration,
also induced stalk-predominating structures similar to that
induced by BHAM.
Inductive Effect of BHAM on Prestalk Cell
DifferentiationFIG. 2. Localization of the rhodamine 123 accumulation in dis-
persed slug cells (NC-4). The slugs were vitally stained with rhoda- The results presented above raised a possibility that
mine 123 in the same manner as Fig. 1. The stained slugs were BHAM might speci®cally induce differentiation of the
dispersed mechanically by pipetting and observed under ¯uores-
prestalk cells prior to stalk differentiation. To test this, twocence microscopy. Stained granular or ®lamentous mitochondria
types of transformants carrying a bacterial b-galactosidaseare seen (arrows). Weakly stained cells are also observable (aster-
gene under the control of a prestalk-speci®c gene promoterisks). Bar, 20 mm.
(ecmA-gal or ecmB-gal) were used. In normal development,
ecmA-gal was expressed in the anterior prestalk cells and
also in the anterior-like cells in the posterior region of mi-
grating slugs (Fig. 4A) and ecmB-gal both in the anteriorstained granular or ®lamentous structures were recognized;
core zone and in the anterior-like cells at the slug stage (Fig.this is the general appearance of mitochondria observed un-
4C), as reported by Williams et al. (1987). When transformedder light microscopy. Nevertheless, the shapes of the
cells carrying the ecmA-gal construct were harvested,stained structure taken on the photograph are a little vague,
washed, and treated with 70 mM BHAM, ecmA expressionbecause of the rapid movement of mitochondria.
was scarcely detected during the ®rst 24 hr of incubation,
possibly because of their delayed development. In concert
with tip formation, however, ecmA-gal was preferentially
expressed in the tip region, and then the expression wasEffect of Respiratory Inhibitors on Morphogenesis
extended to the basal region of cell aggregates during furtherand Differentiation
development, thus resulting in entire expression through-
out the cell masses (Fig. 4B). On the other hand, when trans-To know if the respiratory activity of mitochondria is
closely related to morphogenesis and cell differentiation, formed cells carrying the ecmB-gal construct were treated
with 100 mM BHAM, ecmB was expressed in the basal re-effects of respiratory inhibitors such as NaN3 (an inhibitor
of cytochrome C oxidase), BHAM (a speci®c inhibitor of gion of cell aggregates after 24 hr of incubation and began
to be extended to the processes of unique cell masses afterCN-resistant respiration (Schonbaum et al., 1971)), and PG
(a speci®c inhibitor of CN-resistant respiration (Weger and 35 hr of incubation (Fig. 4D), thus giving entire expression
throughout the unique cell masses at t39 . Thus, the prestalk-Dasgupta, 1993)) were examined. In the presence of 1 mM
NaN3 , the development of starved NC-4 cells was consider- speci®c genes (ecmA and/or ecmB) are most likely to be
eventually expressed in almost all of the cells treated withably delayed, but eventually fruiting bodies with a normal
sorus/stalk ratio were formed. At more than 2 mM NaN3, moderate concentrations of BHAM.
cellular development never occurred, thus indicating that
the inhibitory effect of NaN3 is general but not speci®c. Inhibition of Prespore-Speci®c Gene ExpressionIn contrast to NaN3, BHAM was found to have a speci®c by BHAMeffect on the development. In the presence of 75 mM BHAM,
starving NC-4 cells formed cell aggregates after 12 hr of As was expected from the data presented in the preceding
sections, the expression of a prespore-speci®c gene likeincubation (t12). Subsequently, there arose many processes
on the aggregates at t30, and eventually cell masses as shown Dp87 was found to be inhibited by BHAM in a concentra-
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FIG. 3. Effect of benzohydroxamic acid (BHAM) on the development of Dictyostelium discoideum NC-4. Without BHAM, starved NC-
4 cells exhibited normal development and formed fruiting bodies consisting of a spherical sorous and a supporting cellular stalk after 24
hr of incubation at 227C (A). As shown in a phase-contrast micrograph (C) of crushed fruiting bodies, stalk cells are observed in the center
of the ®eld, with scattered spores. In the presence of 75 mM BHAM, starved NC-4 cells formed unique cell masses with several processes
on the top after 48 hr of incubation at 227C (B). From observation of the crushed sample under a phase-contrast microscope (D), it is
evident that almost all of the cells are highly vacuolated and have thick walls, quite like stalk cells. Bars, 500 mm.
FIG. 4. Effects of BHAM on prestalk-speci®c (ecmA and ecmB) gene expressions in Dictyostelium discoideum AX-2. The expression
patterns of ecmA-gal (A) and ecmB-gal (C) in normal slugs formed without BHAM. As reported previously, ecmA is expressed in the
anterior prestalk region, and ecmB predominantly in the core of anterior region and also in anterior-like cells located in the posterior
region. In cell masses formed by incubation of NC-4 cells for 48 hr in the presence of 70 mM BHAM (B), ecmA expression is noticed
predominantly in the processes of unique cell masses as observed in Fig. 3B. As shown in (D), however, ecmB is expressed mainly in the
base of unique cell masses formed in the presence of 100 mM BHAM. Bar, 500 mm.
FIG. 5. Effect of BHAM on prespore-speci®c gene (Dp87) expression in Dictyostelium discoideum AX-2. In slugs formed without BHAM
(A), Dp87 is expressed exclusively in the posterior prespore region, as reported previously. As shown in (C), however, no Dp87 is expressed
throughout unique cell masses formed with 200 mM BHAM. At an intermediate concentration (100 mM) of BHAM, there arose small slugs
with clear demarcation between the anterior prestalk and posterior prespore region (B). In this case, the relative size of the anterior prestalk
region to posterior prespore region seems to become somewhat larger compared with the control (A). Bar, 500 mm.
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tion-dependent manner. Without BHAM, transformed cells hary and Roninson, 1991). P-glycoprotein is recently re-
ported in Dictyostelium discoideum (Tatischeff and Lavi-carrying the DP87-gal construct formed normal-shaped
slugs in which Dp87-gal was expressed in the posterior pre- alle, 1993). Therefore, intense staining by rhodamine 123
in prespore cells can be explained by absence of the P-glyco-spore cells (Fig. 5A), as described previously (Ozaki et al.,
1993). In unique cell masses formed by 200 mM BHAM treat- protein activity, rather than by the high respiratory activity
of mitochondria. But this possibility is excludable. Becausement, however, no Dp87-gal was expressed (Fig. 5C). This
indicates that in the presence of 200 mM BHAM cells do not P-glycoprotein is a pump driven by ATP, inhibition of respi-
ration would diminish the activity of P-glycoprotein by de-express Dp87-gal during the whole course of development,
because b-galactosidase is stably retained in cells when creasing the ATP amount. Low activity of P-glycoprotein,
subsequently, should result in enhanced accumulation ofonce expressed. With an intermediate concentration of
BHAM (100 mM), small slugs were formed both with a some- rhodamine 123 in mitochondria. Contrary to this, the stain-
ing by rhodamine 123 was erased by NaN3 (data not shown).what larger prestalk region and with clearer demarcation
between the prestalk and prespore region (Fig. 5B) compared Thus, it is unlikely that differential staining by rhodamine
123 in slugs is due to the differential activity of P-glycopro-with a control without BHAM.
tein.
There are other organelles in Dictyostelium cells which
Inhibitory Effect of BHAM on Mitochondrial exhibit a membrane potential similar to mitochondria, such
Respiratory Activity as acid vesicles and autophagic vacuoles. Because rhoda-
mine 123 accumulates in mitochondria according to theTo know if BHAM actually affects the respiratory activity
of mitochondria, the effect of BHAM on the staining of membrane potential, the dye may also accumulate in those
organelles. But it is unlikely that the stronger rhodaminecells with rhodamine 123 was examined. As a result, in the
presence of 75 mM BHAM, growing NC-4 cells showed less 123 staining in prespore cells is due to the staining of those
organelles, because it is known that both acid vesicles andstaining with 10 mg/ml of rhodamine 123 compared with a
control without BHAM. With 150 mM BHAM cells were autophagic vacuoles are seen more frequently in prestalk
cells than in prespore cells.never stained by rhodamine 123.
CN-resistant respiration is known to take place on the
inner mitochondrial membrane and constitutes a ``alterna-
tive'' pathway to the main cytochrome pathway: electronsDISCUSSION
from reduced tricarboxylic acid (TCA) cycle substrates ¯ow
to the terminal electron acceptor, O2, through the alterna-The importance of the oxidation±reduction state on cell
differentiation and pattern formation has been long-postu- tive oxidase without ATP production (Lance et al., 1985;
Siedow and Berthold, 1986). The main roles of CN-resistantlated in the developmental system of Dictyostelium: the
reduction of tetrazolium salts is more active in the posterior respiration (alternative pathway) are believed to be (1) that
it precludes the suppression of TCA cycle intermediatesprespore region than in the anterior prestalk region of mi-
grating slugs, particularly in the presence of KCN (Takeu- production, when respiratory rate is restricted by overpro-
duction of ATP; and (2) that it removes exessive electronschi, 1960; Mine and Takeuchi, 1967). The proportion of pst
to psp is known to increase with elevated O2 concentrations to protect mitochondria when the ubiquinone pool in the
mitochondrial inner membrane is over¯owing with elec-in submerged cultures (Sternfeld, 1988). Electronmicro-
scopic studies also have suggested the involvement of mito- trons (Siedow and Berthold, 1986).
There has been no report showing the involvement ofchondria in the formation of PSV in differentiating and re-
differentiating prespore cells (Maeda, 1971b; Tasaka and the CN-resistant respiration pathway in the developmental
processes of Dictyostelium discoideum, although Cotter etMaeda, 1983). Taken together these data have provided
strong evidence that mitochondrial respiration might be al. (1979) have reported that CN-resistant respiration is in-
volved in the spore germination of Dictyostelium dis-closely related to the pst/psp differentiation. Actually, as
presented here, a regional difference in respiratory activity coideum. The present result that the two speci®c inhibitors
of the CN-resistant pathway had essentially the same effectwas noticed along a long axis of migrating slugs by the use
of rhodamine 123, with the staining stronger in the poste- on cell-type proportioning strongly suggested the existence
of CN-resistant respiration relating to the Dictyosteliumrior psp region than in the anterior prestalk region other
than the core zone (Fig. 1B). Although the physiological discoideum development. BHAM and PG, speci®c inhibi-
tors of CN-resistant respiration, had a unique effect on Dic-signi®cance of the intensely stained core remains to be elu-
cidated, the core zone seems to correspond topologically to tyostelium development and induced formation of unique
cell masses in which almost all of the cells differentiateda portion consisting of prestalk AB (pst AB) cells originally
named by Williams and co-workers (Williams et al., 1987). into stalk-like cells. The cell mass with some processes on
the top is morphologically similar to that formed in theBesides as the speci®c dye to stain mitochondria, rhoda-
mine 123 is also known as a substrate of P-glycoprotein, an presence of both Li/ and Ca2/ (Maeda, 1971a). As was ex-
pected, BHAM induced the expressions of pst-speci®c genesenergy-dependent transmembrane ef¯ux pump which elim-
inates various kinds of drugs from the tumor cells (Chaud- (ecmA and ecmB) and inhibited completely a prespore-spe-
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ci®c gene (Dp87) expression, thus altering greatly the cell- concentrations. The goal of future studies will be to under-
stand precisely both the nature of the CN-resistant pathwaytype proportioning in Dictyostelium cell masses.
The dose dependency of the BHAM effect on differentia- and its role in Dictyostelium development.
tion was not stable: 75 mM (Figs. 3B and 3D), 70 mM (Fig.
4B), 100 mM (Fig. 4D), or 200 mM (Fig. 5C). The dose effect
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